Rubella virus (RUB) replicons with an in-frame deletion of 507 nucleotides between two NotI sites in the P150 nonstructural protein (⌬NotI) do not replicate (as detected by expression of a reporter gene encoded by the replicon) but can be amplified by wild-type helper virus (Tzeng et al., Virology 289:63-73, 2001). Surprisingly, virus with ⌬NotI was viable, and it was hypothesized that this was due to complementation of the NotI deletion by one of the virion structural protein genes. Introduction of the capsid (C) protein gene into ⌬NotI-containing replicons as an in-frame fusion with a reporter gene or cotransfection with both ⌬NotI replicons and RUB replicon or plasmid constructs containing the C gene resulted in replication of the ⌬NotI replicon, confirming the hypothesis that the C gene was the structural protein gene responsible for complementation and demonstrating that complementation could occur either in cis or in trans. Approximately the 5 one-third of the C gene was necessary for complementation. Mutations that prevented translation of the C protein while minimally disturbing the C gene sequence abrogated complementation, while synonymous codon mutations that changed the C gene sequence without affecting the amino acid sequence at the 5 end of the C gene had no effect on complementation, indicating that the C protein, not the C gene RNA, was the moiety responsible for complementation. Complementation occurred at a basic step in the virus replication cycle, because ⌬NotI replicons failed to accumulate detectable virus-specific RNA.
Rubella virus (RUB) is the sole member of the genus Rubivirus in the family Togaviridae (for a review, see reference 7). The RUB virion consists of a genomic, single-stranded RNA enclosed in a quasispherical capsid composed of multiple copies of the viral capsid protein, C, which is in turn surrounded by a lipid bilayer envelope in which are embedded two virus glycoproteins, E1 and E2. The RUB genome is 9,762 uncleotides (nt) in length, of positive-polarity, and contains two long open reading frames (ORFs). The 5Ј-proximal ORF, or nonstructural protein ORF (NS-ORF), is translated from the genome RNA into a 240-kDa precursor that is proteolytically cleaved at a single site by a virus-encoded protease into two products: an N-terminal product of 150 kDa (P150) and a C-terminal product of 90 kDa (P90). The 3Ј-proximal ORF, or structural protein ORF (SP-ORF), which is translated from a subgenomic (SG) RNA, encodes the virion proteins in the order 5Ј-C-E2-E1-3Ј; processing of these proteins is mediated by the cellular enzyme signal endopeptidase.
The RUB NS proteins function in viral RNA replication. From predictions based on computer alignment with sequences from other viruses, P150 contains (from N terminus to C terminus) a methyltransferase domain, a Y domain, a proline hinge domain, an X domain, and a protease domain that catalyzes the cleavage of the NS precursor; P90 contains helicase and RNA-dependent RNA polymerase (RDRP) domains (12) . Of these, the activities of the protease and helicase domains have been confirmed experimentally (3, 8, 15, 16, 19, 20, 22, 34, 35) . While it has been hypothesized that the X domain functions in trans cleavage mediated by the protease (15) , putative functions for the Y and proline hinge domains have not been proposed.
Recently, we developed a RUB replicon (RUBrep) in which the SP-ORF was replaced with a reporter gene, such as that coding for chloramphenical acetyltransferase (CAT) or green fluorescent protein (GFP) (32) . While the replicon RNA itself is replicated and the reporter gene is expressed only in the initially transfected cell, in the presence of wild-type helper virus, the replicon is amplified, packaged, and spread to other cells. In this context, the replicon resembles naturally occurring RUB defective-interfering RNAs that maintain the NS-ORF but contain large deletions within the SP-ORF. None of the RUBrep/GFP constructs with deletions in the NS-ORF was capable of replication (as detected by GFP expression) as expected. However, of these deletion mutants, only a construct with an in-frame deletion between two NotI sites at nt 1685 and 2192 of the genome (thus designated ⌬NotI) could be amplified by wild-type helper virus. This deletion encompassed amino acid residues 551 to 720 of P150, a region between the Y and proline hinge domains. This finding indicated that the NS-ORF is required in cis for amplification by wild-type helper virus as well as for self-replication, probably due to a cis preference by the viral replicase proteins for the RNA template from which they were translated (1, 17, 32) . We hypothesized that only the NotI region of the NS proteins, which has no known or suggested function based on computer alignments, could be complemented by wild-type helper virus, but then were surprised to find that when ⌬NotI was introduced into an infectious cDNA clone (Robo402), a viable virus was produced that replicated to within threefold of wild-type virus (32) . This indicated that another viral gene could complement deletions of the NotI region. In this report, we show that the C protein can complement deletions of the NotI region of the P150 NS protein.
MATERIALS AND METHODS
Recombinant DNA methods. Recombinant DNA manipulations were performed basically as described by Sambrook et al. (27) with minor modifications. Escherichia coli JM109 was used as the bacterial host. Restriction enzymes and T4 DNA ligase were obtained from New England BioLabs (Beverly, Mass.) or Roche Molecular Biochemicals (Indianapolis, Ind.) and used essentially as recommended by the manufacturers. Standard PCR mixtures contained 400 ng of each oligonucleotide primer, 20 ng of linearized plasmid template, 200 M each deoxynucleotide triphosphate, and 5 U of Ex Taq DNA polymerase (PanVera/ TaKaRa, Madison, Wis.) in 1ϫ buffer provided by the manufacturer in a total volume of 50 l. The cycling protocol was 20 s at 98°C, 20 s at 50°C, and 1 to 3 min at 70°C for 35 cycles followed by one cycle of 10 min at 72°C.
Generation of constructs and site-directed mutagenesis. The infectious genomic cDNA clones Robo402, Robo402-⌬NotI, and Robo402/IRES (internal ribosome entry site construct), all of which use pBR322 as a backbone plasmid, were described previously (25, 26, 33) . The SP6 RNA polymerase promotercDNA insert from each of these clones was transferred to pUC18 to create Robo502, Robo502-⌬NotI, and Robo502/IRES, respectively. An additional genomic cDNA construct, Robo503, was generated, which could be linearized prior to in vitro transcription with either EcoRI or SpeI (this was necessary for constructs containing the CAT gene, which contains an internal EcoRI site). The replicon constructs, RUBrep/GFP and RUBrep/GFP-⌬NotI, were described previously (32, 33) . For use in this study, the SP6 RNA polymerase promoter-cDNA insert in each of these constructs was transferred to pUC18.
To create the mutated constructs used in this study, both PCR amplification with mutagenic oligonucleotide primer or primers followed by restriction fragment replacement with the amplification product into the parent vector and a three-round asymmetric PCR-three-fragment ligation strategy (33) were employed. Constructs with fusions of the C or E2 genes with the GFP gene or C, E2, or E1 with 3Ј-terminal deletions fused with GFP were initiated with mutagenic oligonucleotides that placed an XbaI site following the 3Ј end of the gene or the deletion within the gene that allowed in-frame fusion with an XbaI site at the 5Ј end of the GFP cassette. Constructs that contained progressive deletions of the C gene from the 5Ј end were initiated with mutagenic oligonucleotides that placed an XbaI or SpeI site and an ATG initiation codon upstream from the nucleotides following the deletion. RUBrep constructs expressing a fusion protein between the complete C gene of Sindbis virus (SIN) or the SIN C gene with 3Ј deletions and GFP were initiated with an upstream oligonucleotide containing EcoRI and SpeI sites and the 5Ј 21 nt of the SIN C gene and downstream oligonucleotides that contained an XbaI site followed by 15 to 16 nt complementary to the sequence of the SIN C gene upstream from the deletion site, allowing for introduction into SpeI-XbaI-digested RUBrep/GFP; XhoI-linearized pTE5Ј2J (10) was used as the template. A series of mutations in the 5Ј nine codons of the C gene were initiated with mutagenic oligonucleotides containing the desired mutation or mutations with 8 ϳ12 nt on either side of the mutation. Mutations created in RUBrep/GFP were transferred to RUBrep/CAT (33) . To generate replicons containing the NotI deletion, the HindIII-BglII fragment from RUBrep/GFP-⌬NotI (containing the SP6 RNA polymerase promoter and the 5Ј end of the RUB genome through nt 5355, a region containing the NotI deletion) was used to replace the corresponding fragment in the RUBrep/GFP or RUBrep/CAT construct. Plasmids expressing cassettes containing various regions of the RUB NS-ORF and SP-ORF as well as the SIN SP-ORF under control of the human cytomegalovirus (CMV) immediate-early promoter were created with VR1012 vector (Vical, Inc., San Diego, Calif.). Each cassette was amplified by PCR with an upstream oligonucleotide that contained a restriction site appropriate for introduction into the multiple cloning site of VR1012, an ATG for initiation of translation if necessary, and the 5Ј 15 nt from the region to be expressed. The downstream oligonucleotide contained an appropriate restriction site, the complement of a termination codon if necessary, and nucleotides complementary to the 3Ј 15 nt from the region to be expressed.
In vitro transcription and transfection. Robo, RUBrep, and VR1012 constructs were purified on CsCl isopycnic density gradients prior to use. Robo502 and its derivatives were linearized with EcoRI, while Robo503 and its derivatives were linearized with SpeI prior to in vitro transcription, which was carried out as previously described (33) . The transcription reaction mixtures were used directly for cell transfection without DNase treatment or phenol-chloroform extraction. Vero and BHK-21 cells were transfected with Lipofectamine 2000 as previously described (33) . GFP expression was monitored by direct examination of the transfected monolayer with a Zeiss Axioplan microscope with epifluorescence capability. For CAT activity assay, Vero cells were transfected with transcripts from replicon-CAT-⌬NotI constructs. At 4 days posttransfection, cells were lysed and used for CAT activity assay basically as described by Seed and Sheen (28).
Replicon-specific RNAs species synthesized in transfected cells were analyzed by Northern assay with a NorthernMax-Gly kit (Ambion, Houston, Tex.) as previously described with 32 P-labeled, nick-translated pGEM/GFP as a probe (32) .
RESULTS
C gene complements NotI deletions in RUB replicons in cis. We showed previously that transcripts from a replicon construct expressing the GFP gene, RUBrep/GFP, produced GFP following transfection of Vero cells, while transcripts from a construct with the NotI region of the NS-ORF deleted (RUBrep/GFP-⌬NotI) did not (32) . However, in the presence of coinfecting wild-type helper RUB or cotransfection with transcripts from the infectious cDNA clone, Robo402, the GFP signal was amplified for both constructs. Unexpectedly, transcripts from a Robo402 construct containing the NotI deletion, Robo402-⌬NotI, yielded viable virus that replicated to within threefold of Robo402 virus. The only difference between Robo402-⌬NotI and RUBrep/GFP-⌬NotI is the SP-ORF. Therefore, we hypothesized that a structural gene or protein could complement the NotI region of the NS-ORF, allowing both replication of Robo402-⌬NotI virus and amplification of RUBrep/GFP-⌬NotI in the presence of wild-type helper virus. To this end, a series of replicons were constructed that contained in-frame fusions of the individual structural proteins with GFP. As shown in Fig. 1 , while RUBrep/GFP⌬NotI did not express GFP in transfected cells, RUBrep/C-E2-E1(1-9)-GFP-⌬NotI (which contains the SP-ORF through the first nine amino acids of the E1 gene fused to the GFP gene) and RUBrep/C-E2-GFP-⌬NotI (which contains the C and E2 genes fused with GFP gene) produced GFP, indicating that the structural proteins can complement the NotI deletion in the NS-ORF. Further analysis showed that RUBrep/C-E2(1-7)-GFP-⌬NotI, which contains the C gene through the first seven amino acids of the E2 gene fused to the GFP gene, and RUBrep/C-GFP-⌬NotI, which contains the C gene fused with GFP gene, did express GFP in transfected cells, while RUBrep/E2-GFP-⌬NotI, which contains the E2 gene fused with GFP gene, did not. When introduced into the wild-type replicon without the NotI deletion, RUBrep, all of these constructs expressed GFP. Thus, the moiety responsible for complementation of the NotI deletion was the C gene.
Next, to examine whether the complete C gene or only part would suffice to complement the NotI deletion, a series of C-GFP fusions that contained progressive deletions of the C gene from either the 5Ј or 3Ј end, or both, were generated. As shown in Table 1 , when present in RUBrep-⌬NotI, none of the 5Ј deletions, including one that only deleted 8 codons, expressed GFP, and only the smallest 3Ј deletion, which deleted 23 codons (i.e., the E2 signal sequence at the C terminus of C) expressed GFP. In RUBrep, all of these constructs expressed GFP. Thus, the majority of the C gene was required for complementation. We also made a series of constructs expressing a fusion protein between the C gene of the alphavirus SIN, or 3Ј-truncated fragments of the SIN C gene, and GFP in both RUBrep and RUBrep-⌬NotI. As shown in Table 1 , all of these RUBrep constructs expressed GFP, while none of these RUBrep-⌬NotI constructs expressed GFP, and thus the SIN C protein cannot substitute for the RUB C protein in complementing the NotI deletion. Table 1 are shown the results of experiments with cassettes expressed by RUBrep or RUBrep-⌬NotI. The cassettes consisted of either a reporter gene (GFP or CAT) or a portion of the RUB or SIN SP-ORF fused in frame with GFP or CAT. The GFP version of each cassette was used to assess replication of the wild-type replicon, RUBrep (replication column), and of the replicon with the NotI deletion, RUBrep-⌬NotI (cis complementation column), containing the cassette. Replication or complementation was detected by both GFP expression using fluorescence microscopy of transfected cells (GFP) and virus-specific RNA production using Northern blot analysis (B [RNA]). trans complementation was assessed by cotransfecting cells with transcripts of the RUBrep construct containing the CAT version of the cassette and RUBrep/GFP-⌬NotI transcripts; replication of RUBrep/GFP-⌬NotI was detected by GFP expression. Panel A summarizes experiments with fusion proteins containing portions of the RUB SP-ORF. A schematic diagram of the ORF with the coding sequences for the C, E2, and E1 proteins as well as the E2 and E1 signal sequences (which remain attached to C and E2, respectively, following processing) is shown at the top of the panel and the portion of the ORF contained in each cassette, along with the reporter gene, is shown under this diagram. The C-E2-E1(1-9)-GFP/CAT cassette contains the complete C and E2 genes and the first nine amino acids of the E1 gene fused to the reporter gene, and the C-E2(1-7)-GFP/CAT cassette contains the complete C gene and the first seven amino acids of the E2 gene fused to the reporter gene. To test expression with a different reporter gene, the CAT gene was employed. As shown in Table 2 , similar to the GFP constructs, RUBrep/CAT-⌬NotI did not express CAT; however, RUBrep/C-CAT-⌬NotI did. In contrast to the fusions of progressive 3Ј deletions of C to GFP, CAT fusions containing the N-terminal 88 codons of the C gene expressed CAT. This finding was likely related to the different virus production efficiencies following transfection of the versions of the infectious clone used to generate the CAT and GFP constructs. RUBrep/GFP and RUBrep/CAT were built by using Robo502 and Robo503, respectively. Robo503 has a SpeI 3Ј linearization in place of the EcoRI linearization site in Robo502; this substitution was necessary because the CAT gene contains an internal EcoRI site. Unexpectedly, while the transfection efficiencies of the Robo502 and Robo503 transcripts were similar, virus production was more rapid in Robo503-transfected cells than in Robo502-transfected cells such that by 4 days posttransfection, the difference in virus produced was 100-fold greater (data not shown). In the replicon context, this would lead to greater production of the C protein-reporter gene fusion proteins. When the RUBrep/C-CAT-⌬NotI deletion series was tested in BHK cells, similar results were obtained as in Vero cells: namely that RUBrep/CAT-⌬NotI or RUBrep/C-CAT-⌬NotI fusions containing the 5Ј 58 codons did not express CAT, while RUBrep/C-CAT fusions containing 88 or more codons of the C gene expressed GFP (data not shown). Thus, the complementation phenomenon was not cell specific.
Thus far in this study, replication of RUBrep-⌬NotI constructs was assayed by reporter gene expression. To determine if complementation by the C gene was actually operating on SG RNA synthesis and/or translation of the reporter gene from the SG RNA, viral RNA synthesis in cells transfected with transcripts from the series of RUBrep/GFP-⌬NotI constructs was assayed by Northern blotting of intracellular RNA extracted from transfected cells. As shown in Fig. 1B , in cells transfected with constructs that did not express GFP (i.e., RUBrep/GFP-⌬NotI, RUBrep/E2-GFP-⌬NotI, and RUBrep/ C-GFP-⌬NotI containing less than the 277 codons of the C gene), no viral RNA was detected, while in cells transfected with constructs that expressed GFP, RUBrep/C(1-277)-GFP⌬NotI, RUBrep/C-GFP-⌬NotI, RUBrep/C-E2(1-9)-GFP⌬NotI, RUBrep/C-E2-GFP-⌬NotI, and RUBrep/C-E2-E1(1-7)-GFP-⌬NotI, both genomic and SG RNAs were readily detectable. RUBrep containing all of these constructs synthesized both genomic and SG RNAs (data not shown). This result revealed that the defect in ⌬NotI mutants and complementation by the C gene was at a basic point in the virus replication cycle, prior to accumulation of detectable virus RNA, and was not at the level of SG RNA synthesis and/or reporter gene translation. In subsequent experiments, complementation was assayed both by reporter gene expression and synthesis of viral RNA. 
The designation for each construct gives the amino acid residues retained in the fragment expressed by that construct: the complete RUB C gene is C(1-300), while the complete SIN C gene is C (1-264) . The replication results represent the GFP cassette in RUBrep, and the complementation results represent the GFP cassette in RUBrep-⌬NotI (cis) and the CAT cassette in RUBrep ϩ RUBrep/ GFP-⌬NotI (trans).
TABLE 2. GFP and CAT activity in Vero cells
Transfection Activity
a Vero cells were transfected with transcripts from GFP-⌬NotI. At 4 days posttransfection, GFP expression was monitored by direct examination of the transfected monolayer with a Zeiss Axioplan microscope with epifluorescence capability.
b Vero cells were transfected with transcripts from replicon-CAT-⌬NotI. At 4 days posttransfection, cells were lysed and assayed for CAT activity. CAT activity is given as the amount of [ 3 H]acetyl coenzyme A partitioning into the aqueous phase following a reaction in the presence of chloramphenicol (32) . The activity given is the average from three independent experiments. The low activity expressed by C(1-199)-CAT-⌬NotI is likely due to formation of aggregates by this fusion protein.
The C gene complements the NotI deletions in trans. Since amplification of replicons by wild-type helper virus occurs in trans, we next conducted experiments to determine if the C gene expressed in trans could complement RUBrep/GFP⌬NotI. These experiments were performed by cotransfecting cells with RUBrep/GFP-⌬NotI transcripts and transcripts from RUBrep/CAT constructs; complementation was detected by expression of GFP from RUBrep/GFP-⌬NotI. While RUBrep/ CAT was unable to complement RUBrep/GFP-⌬NotI, demonstrating that the NS proteins cannot complement the NotI deletion, RUBrep/C-CAT fusion constructs containing minimally the 5Ј 31 codons as well as RUBrep/C-E2-CAT exhibited complementation ( Fig. 1 and Table 1 ). This result was consistent with the ability of these C-CAT constructs to complement in cis (Table 1) , with the exception that only 31 codons of the C gene was necessary for trans complementation, while 88 codons was necessary for cis complementation. None of the C-CAT fusion constructs that contained 5Ј deletions of the C gene, including the shortest, which deleted only eight codons, was able to complement RUBrep/GFP-⌬NotI. Additionally, none of the RUBrep/SIN-C-CAT constructs complemented in trans ( Table 1) .
As an independent system with which to analyze trans complementation, cells were cotransfected with RUBrep/GFP⌬NotI, and plasmid vectors expressing regions of the RUB SP-ORF under control of the CMV immediate-early promoter; as described above, complementation was detected by expression of GFP by RUBrep/GFP-⌬NotI. CMV vectors expressing the complete SP-ORF, the C gene, or minimally the 5Ј 88 codons of the C gene exhibited complementation, while vectors expressing E2 and E1, the 5Ј 58 codons or less of the C gene, or the SIN SP-ORF did not complement. Using the CMV vector that expressed the shortest 5Ј region of the C gene able to complement, CMV RUB-C(1-88), a series of progressive 5Ј deletions of the C gene were made; however, none of these CMV constructs, including the shortest 5Ј deletion of eight codons, was able to complement RUBrep/GFP-⌬NotI. These results were consistent with trans complementation using RUBrep/CAT constructs, with the exception that only the 5Ј 31 codons of the C gene was necessary for complementation by RUBrep/CAT, while the 5Ј 58 codons were necessary for complementation by the CMV vector. The CMV vector was also used to analyze whether the NS-ORF region of the RUB could complement the NotI deletion. As shown in Table 3 , CMV vectors expressing the entire RUB NS-ORF, the P150 gene, the P90 gene, or the NotI region were used to cotransfect cells with RUBrep/GFP-⌬NotI transcript; no GFP expression was observed.
Determination of whether the C protein or the C gene RNA is the complementing factor. Since the defect in ⌬NotI replicons is early in the replication cycle, before the accumulation of detectable virus RNA, we initially hypothesized that the C gene RNA was the moiety responsible for complementation. The C gene RNA could be provided by either the genomic or SG RNA, and therefore complementation by a RUB construct in which the "junction" untranslated region (UTR) between the NS-and SP-ORFs was replaced with the encephalomyocarditis virus IRES (Robo502/IRES) was tested; Robo502/ IRES does not synthesize SG RNA (26) . When the NotI deletion was made in Robo502/IRES, the resulting construct, Robo502/IRES-⌬NotI, yielded viable virus, indicating that the SG RNA was not necessary for complementation (Fig. 2) . Robo502/IRES-⌬NotI virus replicated about threefold less well than did Robo502/IRES virus, the same as the differential between Robo502 and Robo502-⌬NotI virus. When cells were cotransfected with RUBrep/GFP-⌬NotI transcripts and transcripts from either Robo502/IRES or Robo502/IRES-⌬NotI, complementation occurred, indicating that SG RNA was not necessary for complementation in trans. In addition to the lack of an SG RNA, the IRES constructs also lack the 5Ј UTR of the SG RNA, and thus this RNA sequence is not required for complementation.
We next focused on the 5Ј nine codons of the C gene that are necessary for complementation by using the C-GFP construct that contains the complete C gene. As shown in Fig. 3 , the sequence at the 5Ј end of the C gene contains two in-frame AUGs (designated AUG1 and AUG2) separated by seven codons. A series of mutations of these sequences, shown in Fig.  3 , were made in the C-GFP fusion protein cassette, in which the complete C gene is fused with GFP, and the mutated cassettes were introduced into (i) RUBrep/GFP to ascertain replication of the wild-type replicon containing the cassette (Northern blotting) and to determine if translation of the fusion protein occurred (GFP expression), (ii) RUBrep/GFP⌬NotI to assay for cis complementation (both Northern gels and GFP expression), and (iii) RUBrep/CAT to assay for trans a A series of plasmid constructs were generated with which coding regions of the RUB or SIN genome were expressed under control of the human CMV immediate-early promoter. In addition to the complete RUB and SIN SP-ORFs, the RUB E2-E1 genes (SPE2-E1; with the signal peptide [SP] of E2 included to ensure correct expression), and deleted fragments of the RUB C gene (retained amino acid residues given in the construct designation), constructs expressing the complete RUB NS-ORF (P200), P150 gene, P90 gene, and NotI-NotI region of the P150 gene were also generated. Note that these constructs were not reporter gene fusions. Vero cells were cotransfected with individual plasmid-CMV constructs and RUBrep/GFP-⌬NotI transcripts, and replication of RUBrep/GFP⌬NotI was detected by GFP expression.
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on September 7, 2017 by guest http://jvi.asm.org/ complementation (GFP expression in cells cotransfected with RUBrep/GFP-⌬NotI). It was found that RUBrep/GFP containing all of these mutations replicated, and thus none adversely affected viability. When AUG1 or both AUG1 and AUG2 were mutated to AUA, neither translation of the fusion protein nor cis or trans complementation was detected; however, when AUG2 was mutated to AUA, translation and complementation occurred. These results indicate that translation of the C gene cannot initiate at AUG2. To use a different mutation to abrogate initiation of translation at the first AUG of the C gene, AUG1 was replaced with UAAUAA with the same result that translation of the fusion protein and complementation were not detected. However, when the UAAUAA was placed immediately upstream of AUG1, translation and complementation occurred. Next, 1-and 2-nt deletions were made in codon 6 of the C gene to maintain AUG1 in its wild-type context, including initiation of translation, but prevent normal translation of the C-GFP fusion protein. As expected, GFP expression was not detected in RUBrep/GFP, and neither mutant was capable of complementation. These results indicate that production of the C protein is necessary for complementation. Finally, to dissect the presence of C protein production from the effect of the RNA sequence at the 5Ј end of the C gene on complementation, silent mutations were made in each of the seven codons between AUG1 and AUG2; these mutations would preserve the amino acid sequence of the N terminus of the C protein but perturb the RNA sequence. None of the individual mutations had an effect on complementation, and when all of these mutations were combined in one mutant construct, complementation was still detected, providing further evidence that the C protein, rather than its encoding RNA, was the moiety responsible for complementation of the NotI deletion in P150.
DISCUSSION
The goal of this study was to investigate whether a structural gene or protein of RUB could complement deletions of the NotI region of the NS-ORF that rendered replicons nonviable. The first indication of this phenomenon was a result in a previous publication (32) , in which we found that while the NotI deletion was lethal in replicons, virus with the same deletion was viable. Since the only difference between virus and replicons was the SP-ORF, we initiated this study with the hypothesis that one of the structural genes or proteins complemented the NotI gene or protein. By constructing ⌬NotI replicons that expressed via the SG RNA in-frame fusions of the individual structural proteins with GFP, we were able to determine that the moiety responsible for complementation of the NotI deletion was the C gene. A series of RUBrep/C-GFP fusions that contained progressive deletions of the C gene from either the 5Ј or 3Ј end, or both, showed that codons 1 to 277 of the C gene (in other words, the C gene lacking the E2 signal sequence) were required for replication. Similar results were obtained in both Vero and BHK cells, and thus complementation was not cell specific. We also found that the C gene of the related alphavirus SIN could not complement the NotI deletion, and thus complementation was specific to the RUB C gene. While initial results were based on GFP expression, Northern analysis revealed that in cells transfected with ⌬NotI replicon constructs that failed to express GFP, replicon-specific RNA was not detectable, indicating that complementation occurred at a basic step in the replication cycle, prior to accumulation of detectable replicon RNA, and not at the level of SG RNA synthesis and/or reporter gene translation.
As expected, since wild-type RUB was able to amplify replicons bearing NotI deletions (32), we also found that the C gene could complement RUBrep/GFP-⌬NotI in trans when expressed either from another replicon or from a plasmid, resulting in replication of RUBrep/GFP-⌬NotI. The complete C gene was not required for complementation in trans, since the 5Ј 31 codons of the C gene in RUBrep replicons or the 5Ј 58 codons of the C gene in a CMV-driven plasmid were sufficient for complementation. To some extent, if not completely, the difference between the amount of the C gene required for complementation in cis versus that required in trans was due to differences in efficiencies of virus production following transfection of the parent infectious clones. The RUBrep/C-GFP⌬NotI constructs used to assay cis complementation were based on Robo502, while the RUBrep/C-CAT constructs used to assay trans complementation were based on Robo503. Robo502 and Robo503 vary in the sequence of the additional nucleotides added to the transcript following the oligo(A) (A 20 ) tract due to residual sequences in the restriction site used for linearization (EcoRI and SpeI, respectively): namely GAAUU in Robo502 transcripts and CUAG in Robo503 transcripts. While Robo502 and Robo503 transcripts have the same transfection efficiency, Robo503 transcripts replicate more rapidly than do Robo502 transcripts, which would hypothetically result in a more rapid and higher-level production of C protein. As predicted if this hypothesis were correct, when C-GFP fusions with 3Ј deletions were introduced into RUBrep/ CAT-⌬NotI, the construct with only the 5Ј 88 codons of the C gene replicated (in contrast to the 277 codons required for replication of RUBrep/C-GFP-⌬NotI constructs). Significantly, none of the constructs with 5Ј deletions of the C gene of any size were able to complement either in cis or in trans from any of the vectors employed. While complementation is traditionally associated with proteins, RNA sequences or structures that function at long range in cis or function both in cis and in trans have been described for diverse RNA viruses (1a, 4, 5, 9, 11, 18, 24, 29, 31) . Because the C genes in both Robo502/IRES and CMV-driven plasmids (neither of which synthesizes the RUB SG RNA nor contains the 5Ј UTR of the SG RNA) were found to be capable of complementing the NotI deletion, the SG RNA is not involved in complementation, and the complementation moiety resides within the coding sequences for the C protein. Concentrating on the 5Ј nine codons of the C gene, which deletion analysis indicated were essential for complementation, we found that mutations that abrogated translation of the C gene but only changed 1 nt within these codons also eliminated complementation, while mutations that changed the RNA sequence of these codons without changing the encoded amino acid sequence had no effect on complementation. Thus, the C protein and not the C gene RNA is the moiety responsible for complementation. Interestingly, in an alignment between the C proteins of RUB and SIN (Fig. 4A) , the N terminus of the SIN protein is aligned with the second Met residue of the RUB protein, and the N-terminal eight residues of the RUB protein, which are essential for complementation, are not included in FIG. 3 . Effect on complementation of mutations at the 5Ј end of the C gene. Using the C-GFP/CAT cassette, a series of mutations at the 5Ј end of the C gene were made. (The 5Ј end of the C gene has two in-frame AUGs separated by seven codons). Under the wild-type sequence, each mutated sequence is given with the mutation in boldface and designated with an asterisk. Each mutated cassette was assessed for replication in wild-type replicon RUBrep/GFP, cis complementation in RUBrep/GFP-⌬NotI, and trans complementation in RUBrep/CAT (in cells cotransfected with RUBrep/GFP-⌬NotI transcripts) as described in the legend to Fig. 1 and shown in Table 1 .
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the alignment. (Overall, in this alignment, the two C proteins share 17% identity and 26% similarity.) The mechanism by which the C protein complements the NotI region of the P150 replicase protein was not investigated in this study; however, complementation occurred at an early step in the replication cycle, since RUBrep/GFP-⌬NotI failed to accumulate detectable replicon-specific RNA. Since complementation occurred in cis, initial replication of input replicon transcripts would theoretically have to occur to allow for synthesis of the C protein (none was introduced by infecting virions, since this study was done entirely with transcripts), although translation of C protein from partially degraded transcripts cannot be completely ruled out. If initial replication is required to produce C protein, then complementation operates in the process of amplification, rather than initiation, of virus RNA synthesis. Interestingly, it has been reported that the C protein colocalized with P150 on tubular structures in RUB-infected cells late in infection (13) . The C protein contains a motif between residues 28 and 56 that binds the RUB genomic RNA (21) , and RNA binding by the C protein has been shown to be regulated by a phosphorylation site at Ser-46 (14) . Whether these activities assist in RNA replication as well as playing a role in their obvious function of encapsidation is not known; it is conceivable that C protein binding of the genome RNA is a factor in efficient release from the replication complex. However, since only the N-terminal 31 residues of the C gene were needed for complementation in trans by RUBrep/C-CAT, these activities may not be involved in complementation of the NotI deletion. Besides a specific step in the viral replication cycle, C protein complementation of the NotI region of P150 may involve binding to cellular factors. The C protein has been shown to interact with two mitochondrial proteins, p32 and Par-4, and the p32-binding domain within the C protein has been mapped to the N-terminal region of the protein (2, 23) . While the function and utility of these interactions in RUB replication have not been elucidated, p32 belongs to the family of cellular defense collagens (30) . The C protein has also been associated with induction of apoptosis in RK13 cells, a cell line exquisitely sensitive to RUB-induced cytopathic effect (6) .
Finally, it is possible that C protein complementation of the NotI domain of the P150 protein is mediated through some general activity rather than direct compensation for NotI domain function: for example, binding to transcripts and stabilizing them or efficiently targeting them. This would be a function that the C protein in virions possibly plays during virus infection, and under this scenario, replicons with NotI deletion would simply replicate too inefficiently to establish themselves before degradation occurred or some cellular defense mechanism was fully induced. In this regard, the function of the NotI domain is not known (since it has no detectable homology with replicase proteins of other viruses), and it is notable that when aligned with the NotI domain, the N terminus of the C protein shares little homology (22% similarity and 16% identity) with this domain (Fig. 4B) , and we found that neither P150 nor the NotI domain could complement ⌬NotI replicons when expressed in trans. 
